In an attempt to describe how reduction in synaptic efficiency by general anaesthetic agents results in loss of consciousness, we examined the behaviour of a two-dimensional (a lattice of 80ϫ80 cellular elements) cellular automaton (CA) computer model as the connectivity between cellular elements was altered. The lattice was taken to represent cortical elements with variable connectivity to their neighbours. The summation of the active elements of the CA lattice was taken to represent a simulated "EEG" signal. If cellular automaton elements had a high probability of connectivity, the simulated EEG showed high frequency predominance and low amplitudes, similar to the desynchronized pattern in an alert person. As connectivity was decreased, median frequency in the simulated EEG decreased and amplitude increased, similar to that in anaesthetized patients. As in our model, we believe it is possible that the human central nervous system in the conscious resting state exists above a critical threshold of synaptic efficiency; awareness is associated with an increase in synaptic efficiency and anaesthesia with a decrease that sharply reduces cortical information transfer. (Br. J. Anaesth. 1997; 78: 260-263).
Attempts to explain the mechanisms of action of general anaesthetic agents have concentrated primarily on their effects at the cellular or molecular level. [1] [2] [3] In order to understand the mechanisms by which general anaesthetics produce unconsciousness however, it is necessary to link these neurophysiological actions with the resulting disruption that occurs in symbolic information processing or consciousness. In this article we attempt to provide a simple model of cortical EEG activity which illustrates how subtle changes at the neuronal level may result in major and sudden transitions in the global behaviour of the cerebral cortex.
It is unlikely that general anaesthetic action is related to a specific brain site as anaesthesia is a general phenomenon occurring in all life forms to some degree. Similarly, it seems unlikely that general anaesthesia is related to a specific neural effect as it is a property of a wide range of different chemical compounds. Therefore, it is probable that anaesthesia is the final common pathway for a relatively non-specific brain effect.
In recent years, several studies have narrowed down the putative site of action of general anaesthetics. 4 Although the exact mechanisms remain unclear, the perceptual phenomenon of "loss of consciousness" appears closely linked to disruption of cortical association activity. 2 This has been seen electrophysiologically as a decrease in amplitude and an increase in latency in the mid-and long-latency auditory and somatosensory evoked cortical potentials. 5 These appear to be consistent findings that are largely independent of the anaesthetic agent used. 6 Evoked potential studies clearly demonstrate the resistance to anaesthetic action of brain stem processing, relative to that of the cerebral cortex. 7 Many physical systems are composed of collections of interacting subsystems. The functional output of the whole system at a "macroscopic" level depends almost totally on how these "microscopic" component parts interact. In this field of study a large body of literature has developed that describes how the overall behaviour of a system may change in response to changes in the interactions between the subsystems. It has been observed that dramatic changes (termed phase transitions) at the macroscopic level may occur at certain "critical points" at the microscopic level. A common example of phase transition is the change of a polymer from a sol to a gel form such as happens when cooking an egg. Alterations in the communication or "connectivity" between the individual microscopic elements (the protein molecules) causes a major change in the structure and behaviour of the collective macroscopic system (the egg).
Can we attempt to apply this phase transition model to the phenomenon of general anaesthesia? We suggest that a phase transition resulting in failure of accurate information transmission between spatially separated neuronal assemblies is at least in part an explanation for loss of consciousness. This relatively abrupt phase transition in information transmission is largely concealed behind the relatively continuous smooth changes of EEG frequency and amplitude that occur with increasing depth of anaesthesia.
In this article we describe a simple twodimensional "cellular automaton" model that displays a surprising similarity in behaviour to that of the cerebral cortex, as measured by EEG changes during anaesthesia. The model is similar to the twodimensional lattice that has been used to describe phase transitions in both the physical sciences [8] [9] [10] and ventricular fibrillation in the heart.
COMPUTER MODEL
A computer program was written in the C language to simulate an 80ϫ80 lattice of units, each of which communicates with its four neighbours ( fig. 1 ). Each unit is capable of passing information or activating its neighbours with a certain probability (the "bond linkage probability" (Pb)). The overall output of the system is defined as the number of active units. This model is similar to the well known "forest fire" model used for describing activity in random resistor networks, polymer bonds and epidemics. [8] [9] [10] The assumptions which relate this model to that of the effects of anaesthetics on cortical function are: (a) it is probable that the cerebral cortex is divided into functional units, each approximately 0.1 mm 3 in size. 12 Thus our 80ϫ80 lattice can be thought of as analogous to a two-dimensional surface of cerebral cortex where each unit represents a functional neuronal subsystem; (b) the voltage of the EEG signal is the result of summation of postsynaptic potentials. 13 This might be represented in the model as the total number of active or "depolarized" units in the lattice at any specified time; (c) a major mechanism of action of anaesthetics at the cellular level is to disturb synaptic efficiency in some way. 14 This could be mimicked by a reduction in the probability (Pb) of each unit depolarizing its neighbour. By adjusting values of Pb we could examine the hypothetical effect of a drug which altered synaptic efficiency.
The simulations were implemented on a 40-MHz 486 processor-based microcomputer running under MSDOS, each run lasting approximately 2-5 min.
At regular intervals of one time step, an excitatory depolarizing input signal was applied to a random element on one side of the lattice. At each subsequent time step the neighbouring elements became depolarized according to a predefined probability Pb from 0 to 1. Each depolarized site then became refractory to excitation for one time step. This resulted in a wave of activity passing through the lattice. The time taken for the wave to traverse the lattice is known as the percolation time. A short percolation time indicates relatively unimpeded information transfer across the lattice. Conversely, a long percolation time suggests poor information transfer. After an initial period of 500 time steps to reach a steady state, the resultant activity, the "voltage", within the lattice was recorded over time (1000 time steps). We examined this activity over a range of values for Pb. A second simulation was performed in which the excitatory input signal was applied to the empty lattice only when the preceding wave had died out or had reached the opposite side of the lattice. From this simulation 40 percolation times were calculated for each level of Pb. The percentage of percolation times less than 120 time steps (:1.5 lattice size) was chosen arbitrarily as an estimate of the efficiency of information transfer across the lattice and termed the "percolation time index" (PTI).
PATIENT DATA For comparative purposes we obtained EEG traces from five, healthy consenting male patients undergoing general anaesthesia for minor surgical procedures. Anaesthesia was induced in each patient with propofol 2-2.5 mg kg 91 and fentanyl 100-200 g, and maintained with 1% isoflurane and 66% nitrous oxide in oxygen. Neuromuscular block was produced with vecuronium as required. Five minutes before induction of anaesthesia and during unstimulated anaesthesia, 30-s epochs of EEG data were recorded from a right occipito-temporal electrode (O2-T4: 10-20 international system). The EEG signal was filtered (low pass 0.3 Hz, high pass 100 Hz), amplified (Grass P511K) and digitized at a sampling rate of 500 Hz using a 14-bit ADC data acquisition unit (Strobes APC, Wellington, NZ). Electrode impedance was less than 5 k⍀. The digitized waveform was transferred to a microcomputer.
These true EEG values were compared with "pseudo EEG data" obtained from the computer simulation with regard to their spectral characteristics.
Results
Allowing for the relatively small size of the lattice, its observed collective behaviour was similar to results obtained for physical phase transitions. 8 Data from patients during general anaesthesia showed the well described and expected shifts towards the lower frequencies with induction of anaesthesia; increased power in the delta and theta bands, diminished power in the alpha and beta Figure 1 Visual representation of the spread of activity in the cellular automaton model. Pb is the probability that each cell in the lattice communicates with its neighbour in the direction shown by one of the arrows.
bands and a decrease in spectral edge 50% (SE50).
Activity of the lattice is shown for different Pb values in figure 2. For high (0.8) Pb values (i.e. there was a high probability of a unit depolarizing its neighbouring elements), we observed a low amplitude, high frequency predominance in the power spectrum. As Pb approached the critical value of 0.5, we observed increasing amplitude and lower frequency spectral predominance similar to the EEG data obtained from anaesthetized patients. Below a Pb value of approximately 0.4, forms of intermittency phenomena started to occur with increasing periods of electrical silence interspersed with high amplitude waves. As Pb approached 0.3 the "pseudo EEG" became almost totally silent. Figure 3 shows the mean SE50 and PTI for the simulations as Pb values were adjusted. The SE50 values are the mean of 10 simulations at each level of Pb. The characteristic feature of SE50 decreasing in a relatively smooth linear manner with decreasing Pb values was similar to the known effects of general anaesthesia. 15 In contrast, cortical information transmission, as estimated by PTI, changed markedly as the critical point was approached. Above the critical point, lattice activity tended to be self-sustaining, whereas below the threshold almost all of the signals rapidly died out.
Discussion
Attempting to understand how the nervous system processes information without detailed knowledge of specific neural interactions might appear to be an overambitious goal. It is possible, however, that detailed knowledge of the immense complexity of neuronal activity and interactions may not be necessary to understand the essential features of anaesthesia and consciousness.
The activity of our simple cellular automaton model was surprisingly similar to that described for the EEG effects of general anaesthesia. Increasing low frequency activity and reduction of spectral edge occurred smoothly throughout a range of bond linkage probabilities.
The crucial point of the phase transition model is that it relates the abstract notion of information transfer to some measurable output of the system, in this case EEG voltage. Thus when amplitude and wavelength in an EEG increase, it suggests that the rate of information transfer around the cortex has been slowed greatly ( fig. 3) . Theoretically, as Pb decreases to 0.5, the time for an impulse to traverse the lattice increases rapidly, becoming infinite when Pb :0.5.
8 As a corollary, the best EEG index of awareness is likely to be one that most closely follows the state of information transfer. The SE50, being almost linearly related to Pb, is not very sensitive in this regard and measures that include correlation and time information may be better.
Although the cellular automaton model of phase transition is very general and has been applied to a wide range of different problems, it is consistent with, and complements, a large body of work that suggests that in a state of calm resting, association activity within the cerebral cortex functions above a critical phase transition. Thus cognition of an olfactory input suddenly changes chaotic olfactory cortical activity into regular activity and meaningful behaviour becomes associated with temporal and spatial coherence of the brain's magnetic field. 16 17 It is probable that in the unstimulated state, the complex chaotic dynamics of the central nervous system provides the brain with rich "random" patterns of behaviour from which new adaptive patterns emerge and gives the brain a "flexibility" to respond to external stimuli. The process of arousal, as evidenced by desynchronization of the EEG signal, is thought to be mediated by improved connectivity between neuronal subsystems 12 18 19 just as in our cellular automaton model, which showed that increasing Pb resulted in a less deeply anaesthetized EEG pattern. While anaesthesia may reduce connectivity (i.e. reduced Pb) there is evidence that the profound stimulation of surgery acts to reverse this disconnecting effect. 20 21 Figure 2 Typical examples of simulated EEG output from the computer model at various different Pb values. The vertical axis shows absolute amplitude, as measured by the number of active elements at each time step. The horizontal axis is time steps. Unlike true EEG, the signal has not been filtered and therefore represents both AC and DC components. Part of the difficulties with using power spectral EEG analysis to estimate awareness during general anaesthesia is that, for intermediate ranges, the SE50 does not reliably differentiate between awake and unaware patients. It is possible that these subjects are close to the steep part of the phase transition curve (i.e. Pb was close to its critical value). Thus small variation within the population or over time in a single individual results in large changes in cortical information processing (awareness or anaesthesia).
This example demonstrates an important phenomenon associated with phase transitions, that is that the same stimulus can produce completely different effects depending on whether the system is near or far from a critical transition point. This may in part explain conflicting research results which are common in the biological literature.
In summary, we believe that the cellular automaton model provides a useful basis for interpretation of electroencephalographic changes associated with general anaesthesia. Further elaboration of this model may help our understanding of the phenomena of consciousness.
